To investigate the relationship between the pseudogap and superconductivity, we measured both the in-plane (ρ ab ) and out-of-plane (ρ c ) resistivity for oxygen-controlled Bi 2 Sr 2 CaCu 2 O 8+δ single crystals subject to magnetic fields (parallel to the c axis) of up to 17.5 T. The onset temperature for the superconductive fluctuation, T sc f , is determined by the large positive in-plane magnetoresistance (MR) and negative out-of-plane MR observed near T c , whereas the pseudogap opening temperature T * is determined by the semiconductive upturn of the zero-field ρ c . T sc f was found to scale roughly as T c , with a decreasing temperature interval between them upon doping. On the other hand, T * starts out much higher than T sc f but decreases monotonically upon doping; finally, at a heavily overdoped state, it is not observed above T sc f . These results imply that the pseudogap is not a simple precursor of superconductivity, but that further study is needed to determine whether or not T * exists below T sc f in the heavily overdoped state.
INTRODUCTION
It is well recognized that knowledge of the pseudogap phenomena in high-T c cuprates is crucial to understand the mechanism of high-T c superconductivity. It is not yet conclusive whether it is a necessary ingredient (precursor) for high-T c superconductivity [1] [2] [3] [4] [5] or if it is a different ordered state. [6] [7] [8] In the former case, the pseudogap opening temperature T * coincides with the onset temperature of superconductive fluctuation, T sc f , and may merge with T c in the overdoped state. In the latter case, the T * behavior is independent from T sc f , and may cross it on its way to zero temperature at the quantum critical point near the optimal doping of p = 0.19. 9) Thus, in order to elucidate the role of the pseudogap in high-T c superconductivity,
it is important to investigate the relationship between T * and T sc f as a function of doping.
Among the various techniques to address this issue, the out-of-plane resistivity ρ c is one of the most powerful methods, since it directly probes the electronic density-of-states (DOS) around the Fermi level, reflecting the tunneling nature between CuO 2 planes in high-T c cuprates. Indeed, ρ c shows a typical upturn below a characteristic temperature T * ρ c . [10] [11] [12] [13] This means that the DOS around the Fermi level is decreased by the opening of some kind of a gap below T * ρ c
. The T * ρ c has been found to coincide well with T * χ , 13) below which magnetic susceptibility gradually decreases. Since magnetic susceptibility also reflects the DOS (Pauli paramagnetism), the coincidence of T * ρ c and T * χ simply indicates that these temperatures are the so called pseudogap opening temperature T * . Tunneling measurements also support this view. [14] [15] [16] Furthermore, the ρ c of Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) has been measured in high magnetic fields up to 60 T, and a negative magnetoresistance (MR) was observed below T * . 11) This result has been attributed to the recovery of the DOS that was suppressed in the pseudogap state. Accordingly, we can safely estimate T * by the onset of the upturn in ρ c measurements.
On the other hand, in addition to a small out-of-plane negative MR below T * , rapid growth near T c has been observed in Bi 2+z Sr 2−x−z La x CuO y (Bi-2201), 10) Pb-substituted Bi-2201, 17) and in slightly overdoped Bi-2212. 18) In close relation to these observations, an out-of-plane negative MR in the superconducting state has been observed for Bi-2212 19) by suppressing the Josephson current. Intrinsic tunneling spectroscopy has also revealed that the pseudogap is insensitive to magnetic fields while the superconducting gap is sensitive to it. 20) All these results suggest that the large out-of-plane negative MR is caused by the opening of the superconducting gap. Indeed, a theoretical paper 21) proposes that in highly anisotropic materials such as high-T c cuprates, the superconductive DOS fluctuation effect dominates at a wide temperature region above T c , causing the upturn and thus the negative MR in ρ c . In extremely two-dimensional (2D) systems, the Aslamasov-Larkin (AL) contribution, which describes the paraconductive contribution (positive MR) by a short-lived superconductive droplet in thermal nonequilibrium, is considerably suppressed for ρ c , since the AL contribution is proportional to the square of the small probability of out-of-plane electron hopping p 1 (σ
where ε = ln(T/T c )). Thus, the AL contribution is important only in close vicinity to T c . In turn, the DOS contribution, which is the reduction of the quasi-particle DOS by the opening of the superconducting gap causing an increase in ρ c (negative MR), dominates in a wide temperature region above T c . This is due to the fact that the DOS contribution depends only linearly on the out-of-plane electron hopping p 1 and DOS recovers from superconducting to normal state very slowly in the 2D case (σ
contribution may be very small in high-T c cuprates due to strong pair-breaking effects. 22) Thus, as temperature increases, a crossover from AL to DOS fluctuation takes place. 21) This may cause a sharp increase in ρ c and a large negative out-of-plane MR above T c . Therefore, it is expected that we can estimate T sc f from a rapid increase in the negative MR of ρ c . However, this method for estimating T sc f has not been established previously. Moreover, when the doping level is increased to the overdoped level, T * and T sc f come close to each other and thus it is difficult to distinguish between them. Another way to estimate T sc f is to observe a positive MR in the in-plane resistivity ρ ab . In the in-plane cases as well, there may be two competing factors: positive AL and negative DOS. It is expected, however, that the positive AL contribution is much larger compared to the out-of-plane cases, since, in the in-plane case, there is no pre-factor such as the out-of-plane hopping probability. 21 ) Thus, we assume that in-plane MR is dominated by the contribution from positive AL just as for other, ordinary, superconductors. Indeed, in-plane MR in high-T c cuprates usually has been observed to be positive. 18, 23) Therefore, the simultaneous measurements of both ρ ab and ρ c in magnetic fields would enable us to determine T sc f in a more accurate way.
In this paper, in order to investigate the relation between the pseudogap and superconductivity, we have systematically measured both ρ ab and ρ c of variously doped Bi-2212 with and without magnetic fields. For this purpose, we successfully prepared a heavily overdoped crystal (p = 0.23, T c = 53 K) along with other variously doped samples. The details of the sample preparation are described in Sec. 2, and the results and discussion of the measurements are presented in Sec. 3. In the latter section, we reconsider our earlier assertions.
24)
The implications of the obtained results will be discussed. Finally, the work is summarized in Sec. 4.
EXPERIMENT
Single crystals of Bi 2+x Sr 2−x CaCu 2 O 8+δ (x = 0, 0.1 and 0.2) and Pb-doped Bi-based high-T c cuprates. 28) The superconducting transition temperature T c was determined by the onset of zero resistivity. The ρ ab and ρ c measurements were carried out using a DC four-terminal method. For the ρ c measurements, voltage contacts were attached to the center of the ab plane, and the current contacts covered almost all the remaining space. 29) Magnetic fields B of up to 17.5 T were applied parallel to the c axis with a superconducting magnet.
We used a Cernox resistive sensor, whose magnetic-field-induced temperature reading errors ∆T/T were less than 0.2% at temperatures above 20 K under magnetic fields of less than 19
T. Therefore, the errors were ignored in this study. well with the estimated T * ρ ab when using a different method, i.e., resistivity curvature mapping (RCM). 31) By further increased doping, T * ρ ab becomes difficult to determine and instead an upward curvature appears, indicating that the system enters into the overdoped region. 25) When we apply a magnetic field, we observe a marked positive MR near T c . The enlarged views just above T c are shown in the insets of Fig. 2 . The onset temperatures for the rapid (Fig. 3(b) ). It is noticeable that the temperature region at which the large negative MR is observed is concentrated near T c . Figure 4 are different for each p. Nevertheless, they are thought to have the same origin, i.e., the pseudogap opening, and thus to be the same temperature in principle. The difference in appearance may arise for the following reasons. From the "cold spot model" 33) proposed by Ioffe and Millis, the carriers around the (π/a, 0) direction are exposed to strong scattering (hot spots), while those around the(π/2a, π/2a) direction are not scattered very much (cold spots). Then, carriers around the cold spots mainly contribute to ρ ab while those around the hot spots, since the hopping probability in the c-axis direction is at the maximum here, mainly contribute to ρ c . When the pseudogap opens up at T * ρ c around the hot spots, ρ c gradually increases with decreasing temperatures directly reflecting the effect of DOS expanded plot around T c for low magnetic fields (0-6 T). The zero-field data are affected by a trace of some minor superconductive phases (T c ≈ 70 and 105 K), which are hard to avoid.
RESULTS AND DISCUSSION
The effect seems, however, to be suppressed at magnetic fields of 1 T and above. Note that ρ c is still metallic at 1 T. When the applied magnetic field exceeds 1 T, ρ c shows a slight upturn upon cooling. To see its onset clearly, ρ c was differentiated with respect to temperature. Figure   6 (c) shows the results. When the applied field is 1 T, dρ c /dT is almost constant above 60 K, whereas when the field is increased to 3 and 6 T, it shows a slight downward deviation below T sc f ρ c (= 73 K). Thus, this temperature is identified as the onset temperature for the upturn of ρ c . When the magnetic field exceeds 6 T, the typical negative MR appears in ρ c below the same temperature, T sc f ρ c = 73 K [ Fig. 6 (d) ]. We have observed similar behavior previously 24) and attributed it to the pseudogap opening. We have considered 24) that, because the pseudogap opens just below T c , the upturn has been hidden by the onset of superconductivity at zero field, but it has emerged along with the suppression of superconductivity with the application of high magnetic fields.
However, the upturn and the associated negative MR in ρ c can be expected also because of the superconductive DOS fluctuation effect if the system is extremely 2D. 21) To clarify this point, the in-plane resistivity ρ ab for the same heavily overdoped (p = 0.23) sample was measured in several magnetic fields. It is noticeable in Fig. 7 (a) that the superconducting transition curve is fan-shaped at low fields, whereas it becomes parallel-shift-like for fields above 6 T. This feature is similar to that observed for stripe-ordered La-214 systems with a hole concentration near 1/8 (p = 0.125) per
Cu. 35) This feature was also observed recently for an overdoped La-214 sample with a hole concentration near 1/4 (p = 0.25). 36) These features have been attributed to a magnetic-fieldinduced stabilization of the stripe order 35) suggested by neutron scattering measurements of the La-214 system. 37) A magnetic-field-induced charge-stripe order for YBa 2 Cu 3 O y was also reported recently. 38) To consider the reason for this anomalous ρ ab behavior [ Fig. 7 (a) ], the superconducting transition curves for the optimally doped sample (p = 0.16) under various magnetic fields are shown for comparison in Fig. 7 (b) . In contrast to the data in Fig. 7 (a) , those in Fig. 7 (b) show typical broadening under all the fields. Note that the fan-shaped feature of the transition curve at low fields shown in Fig. 7 (a) is weak compared with that in Fig. 7 (b) . This reflects the fact that the 2D nature of the heavily overdoped sample is weak. Indeed, the anisotropy parameter γ determined by the zero field resistivity ratio (γ = ρ c /ρ ab ) at T sc f is 70 in this heavily overdoped state, which is very small compared with the value of 230 for the optimally doped state. On the other hand, an extreme fan-shaped feature is observed for fields above 6 T for temperatures around 30-50 K, indicating that the system is extremely 2D. Note also that the resistivity at high fields in this temperature region approaches the normal state values. This indicates that the excess conductivity due to superconductive fluctuation is very small, implying that the superfluid density ρ s is reduced under high magnetic fields. These results are consistent with the assumption that magneticfield-induced stabilization of the stripe order has occurred. Because the orientation of the stripe order rotates by π/2 from one layer to the next, the formation of the stripe order is thought to electronically decouple the CuO 2 planes, leading to 2D superconductivity. 39 This is probably due to the strong pinning of the vortex. Consequently, the parallel-shiftlike behavior observed at high fields may be the combined effect of the broadening at high temperatures due to the extreme 2D nature and the sharp drop at low temperatures due to vortex pinning. From these facts, we conclude that magnetic-field-induced stabilization of the stripe order occurred above 6 T, causing a dimensional crossover from weak to extreme 2D in this heavily overdoped state. To the best of our knowledge, this result is the first observation of the development of stripe order in overdoped Bi-2212. This reveals that the tendency toward stripe order is general in high-T c cuprates, and it appears at a hole concentration not only of 1/8 but also of 1/4 per Cu.
Then, it is more natural to consider that the pseudogap-like behavior of ρ c for the heavily overdoped (p = 0.23) sample is caused by the superconductive fluctuation effect. At low fields of 1 T, because the 2D nature of the system is weak, ρ c exhibits metallic behavior. When the magnetic field is increased to 3 T, the 2D nature is increased, causing a slight upturn in ρ c .
At high fields of more than 6 T, because the system is extremely 2D owing to the stabilized stripe order, ρ c shows a steep upturn and the associated large negative MR [ Fig. 6 (d 45) have shown that T * has not been observed in the extremely overdoped state near the edge of the superconducting "dome." The authors of that report argued that quantum critical fluctuations that destabilize the pseudogap are responsible for the high-T c superconductivity. Therefore, to resolve this issue, it is crucial that we determine whether or not the pseudogap opens after the superconducting gap opens.
CONCLUSIONS
The resistivities ρ ab (T ) and ρ c (T ) of Bi-2212 single crystals were systematically measured under a wide range of doping conditions in various magnetic fields. Large positive in-plane MR and negative out-of-plane MR were observed near T c . Those temperature zones were found to coincide. Because, for extremely 2D systems, superconductive fluctuation is expected to lead to positive in-plane MR but negative out-of-plane MR, 21) we determined that these temperature zones are superconductive fluctuation regions. It has been found that, from an underdoped to an overdoped state, the onset temperature of superconductive fluctuation, T sc f , is below the pseudogap opening temperature T * . This result indicates that the pseudogap is not a simple precursor of high-T c superconductivity. On the other hand, a heavily overdoped state (p = 0.23) was also revealed. In this doping state, we could not find T * above T sc f . It has been shown that the pseudogap is interpreted differently depending on whether or not T * exists below T sc f . Therefore, we propose that clarifying this point is important to a comprehensive understanding of the role of the pseudogap in high-T c superconductivity. Tohoku University.
